It has been demonstrated that Vibrio spp. can be readily isolated from all tissues, organs, and body cavities of healthy, free-ranging sharks (8). Specifically, Vibrio spp. were shown to comprise 59 of 78 pure cultures isolated from 28 neritic sharks that represented five shark species (8). It was hypothesized previously that vibrios act as opportunistic pathogens in sharks, causing disease in compromised individuals (9, 10). Furthermore, regulation of tissue urea concentration was suggested as a possible biological role for shark-associated vibrios (lo), and this regulation may be the basis for commensalism between vibrios and sharks. This hypothesis was supported by the results of [14C]urea studies done to investigate the in situ ureolytic ability of tissueassociated bacteria (15) . Therefore, sharks are somewhat unusual among vertebrates, since apparently the tissues and organs of healthy individuals contain bacteria which, on the one hand, are capable of initiating disease but, on the other hand, appear to be either beneficial or fundamental to necessary life processes of the sharks.
In this study we used numerical taxonomy to analyze phenotypic data compiled for 197 strains of bacteria isolated from 10 carcharhinid sharks. Traditionally, numerical taxonomy has been used to cluster operational taxonomic units (OTUs) into groups on the basis of phenotypic or other data recorded for each OTU (20,26). One of the most popular and useful approaches used in the classification of bacteria has been to calculate measurements of similarity on the basis of bacterial phenotypes (e.g., by using the simple matching coefficient [S,,] and/or the Jaccard coefficient [S,]), followed by clustering of the OTUs into groups by using unweighted pair group mathematical averaging (UPGMA) (1, 11, 20, 26) . We have found that this approach is useful (13, 28) , but it has the disadvantage of often accounting for only 50 to 60% of the relatedness among OTUs (notably, IP: 54.70.40.11
On: Thu, 27 Dec 2018 03:11:51 VOL . 43. 1993 BACTERIA FROM CARCHARHINID SHARKS 89 into broth . And (iv) the peritoneal cavity was opened. and ca . l-cm3 tissue sections were removed in the following order: liver. spleen. pancreas. kidney. esophagus and anterior stomach. mid.stafnach. posterior stomach. pylorus. duodenum. anterior spiral valve. mid-spiral valve. and posterior spiral valve . Each tissue section was aseptically excised and placed into broth . As in our previous study (8) . great care was exercised to prevent sample contamination .
The trematode was washed by shaking it three times seriatim in fresh 3-ml portions of sterile artificial seawater (Instant Ocean) and was transferred to a sterile petri dish .
Trematode tissue was teased apart with a sterile Pasteur pipet and transferred to a broth medium . Water samples were analyzed qualitatively (ie., by using a sterile swab immersed in seawater and inoculated into broth) . All Samples except shark blood were inoculated into thioglycolate medium prepared in screw-cap tubes without indicator (Difco Laboratories. Detroit. Mich.) but supplemented with 1.0% NaCl . Broth cultures were incubated overnight at ambient temperature (ca . 24.C). following which blood agar plates (tryptic soy agar [Difco] prepared with 5% defibrinated sheep blood). Levine eosin methylene blue (Difco) agar plates. and thiosulfate-citrate-bile salts-sucrose (Oxoid U.S.A., Inc., Columbia. Md.) agar plates were streaked to isolate organisms from the broth cultures . The plates were incubated at ambient temperature for 4 days . Colonies were picked from the plates after 24 h and 4 days and were streaked onto marine seawater complete agar (10). and the resulting preparations were incubated at ambient temperature . Colonies from the marine seawater complete agar plates were restreaked (if necessary) to achieve purity and were inoculated into semisolid maintenance medium (10) .
Cultures were also frozen in fresh broth under liquid nitrogen for long-term storage (10) .
The isolation and maintenance protocol described above yielded 169 isolates of gram.negative. oxidase-positive bacteria. which are listed in Table 1 along with their sources of isolation . An additional 28 isolates were collected from shark muscle tissue in May 1985. so a total of 197 strains made up the sample set analyzed in this study . Selected reference strains belonging to the genera Aeromonas. Plesiomonas. and Hbrio were also included. and these organisms were maintained as described above (i.e., in semisolid maintenance medium and under liquid N2) . The 39 reference strains included in the study are listed in Table 2 .
Characterization of strains . The materials and methods used for phenotypic characterization of each OTU (26) included in the study have been described elsewhere (30. 31) . The 66 tests chosen for strain characterization were either tests demonstrated by West et a1 . (28) Statistical analysis . The phenotypic tests applied to each OTU were coded (0. negative; 1. positive; 9. not done or no growth). and the codes were entered into a 236-by-66 data matrix . The data matrix was used to calculate the SSM and S, values for each of the 236 OTUs by using the equations of Pielou (20) . A cluster analysis for each of the similarity coefficients was performed by using the UPGMA method .
The cophenetic correlation coefficient. a measurement of how well the cluster analysis accounted for OTU relatedness. as determined by the SSM or S, values (26). was also computed . Once the major groups (i.e., clusters) were determined from the cluster analysis. the phenotypic data were reexamined to determine which test results were unique to each taxon. The group partitioning index (GPI), a measurement of how effectively a particular phenotypic test divides a group into distinct sets, has a maximum value of 0.5 (16). We used the GPI to rank phenotypic tests in order of importance. Ordination was accomplished by performing a principal-component analysis on the SSM matrix. All of the data analyses were done by using procedures available in SAS, version 5.18 for Conversational Monitor System (SAS Institute Inc., Cary, N.C.).
RESULTS AND DISCUSSION
All 236 strains examined (100%) were gram-negative, oxidase-positive rods. Most strains were capable of glucose oxidation and fermentation (91.6 and 84.5% of the strains, respectively), nitrate reduction (90.4%), growth at 35°C (97.1%), catalase production (98.7%), amylase production (85.4%), growth in the presence of 3.0% NaCl (97.1%), growth at pH 10.0 (86.6%), growth on media containing Tween 20, Tween 40, Tween 60, and Tween 80 (94.6, 94.1, 90.4, and 88.3%, respectively) , and DNase production (95.0%). Only one strain fermented inositol (0.4%), and another strain fermented lactose (0.4%). While these attributes are useful for preparing a general description of OTUs and taxa, some were of little or no value in differentiating the OTUs. A similar conclusion was reached by West et al. (28) for the Gram and oxidase reactions and for growth at pH 10.0. Therefore, we eliminated inositol fermentation, lactose fermentation, oxidase and catalase activities, and the Gram reaction from the data matrix, since essentially all of the strains either lacked the characteristic or possessed it; this left 61 characteristics in the matrix used for cluster and ordination analyses.
Cluster analysis. The results of the cluster analysis of the SSM values calculated for the 236 OTUs are shown in a dendrogram in Fig. 1 . The cophenetic correlation coefficient was 0.711. The S, values were also analyzed, and a similarity matrix was obtained.
Nine major groups were resolved at an S, , value of 66.5% (Fig. 1) . Each group in turn contained strain clusters (phena) at S,, values of 272.6%. A total of 27 such phena were identified, and 15 of these phena contained three or more O m s (Fig. 1 ). The most important test at the level used to distinguish the nine major groups (S,,, 66.5%) was utilization of D-glucuronate (GPI, 0.379), followed by growth in the absence of NaC1, H,S production, utilization of Tween 80, glucose and trehalose fermentation, utilization of gamma-aminobutyrate, and susceptibility to 150 Fg of vibriostatic agent 0/129 per ml (GPIs, 0.362, 0.358, 0.347, 0.346, 0.344, 0.332, and 0.331,  respectively) .
Group 1 was the largest of the groups observed in the analysis and contained 108 OTUs, including 18 reference strains distributed across five of the six phena (Fig. 1) . The tests that were most useful in distinguishing the six phena were alginase production, putrescine utilization, growth at 4 and 42"C, growth at pH 4.5, and sorbitol fermentation, Phenon 1 (S,,, 275%) included eight OTUs, all of which were isolated from lemon shark muscle tissue. In general, the test results for phenon 1 were consistent with the test results recorded previously for Vibrio alginolyticus (3, 30).
Phenon 2 (S,,, 273%) included 48 OTUs, making it the second largest phenon, and contained V. Phenon 2 joined phenon 1, which was also provisionally identified as V. alg'nolyticus, at an S,, value of 271%.
Although all four shark bite wound isolates (OTUs 460, 461W, 461T, and 462) were assigned to this phenon, only one of the five isolates from the mouth of the shark that inflicted the bite was so classified (OTU 469). Also of interest is the observation that 6 of the 10 water isolates ( Sorenson's similarity level of 90.5% among the strains tested, including the type strains of each species, which also indicated that these taxa are two separate species (24a). Clearly, both phenetic and molecular data support the pre- Phenon 6 (S,,, 274% ) contained eight OTUs, including Kbrio furnissii NCTC 11328.
Group 2 (Fig. 1) comprised 78 OTUs, which were distributed among seven phena (phena 7 through 13). This group was distinguished from group 1 by a lack of growth at higher salt concentrations (no growth in the presence of 10% NaCl; 5% growth in the presence of 8% NaCl), an inability to liquefy gelatin, a lack of arabinose fermentation, the results of decarboxylase reactions, and production of urease (Table Phenon 7 contained 11 OTUs clustering at an S,, of 274%. As in the case of phenon 1, phenon 7 contained only lemon shark muscle tissue isolates. In general, the reactions observed were consistent with those described previously for Aeromonas salmonicida subsp. masoucida (23).
Phenon 8 also contained only lemon shark muscle tissue isolates and joined phenon 7 at an S,, value of 272%. This small phenon contained two unknown OTUs and was distinguished from phenon 7 by several attributes ( Table 3) .
Phena 9 and 10 contained three OTUs and one OTU, respectively. These OTUs were all unknowns, did not share a common habitat, and clustered at an S,, value of 272%. Like phenon 8 strains, both phenon 9 and phenon 10 strains produced gas in glucose broth without showing any evidence of either glucose oxidation or fermentation.
Phenon 11 contained two OTUs (OTUs 422 and 431), both of which were isolated from the intestinal tract of lemon shark A, and joined phenon 12 at an S,, value of 269.5%. Phenon 11 was identified as a Vibrio sp. Phenon 12 (S,,, 274%) contained seven O m s , all of which were Vibrio reference strains (Vibrio fischeri ATCC 7744T; Ebrio n i p * -pulchritudo ATCC 27043T; Kbrio splendidus ATCC 33125T and ATCC 25914; Vibrio tubiashii W343, W359, and W428).
The three strains of V. tubiashii (strains W343, W359, and W428) clustered closely at an S,, value of 292.5%.
Phenon 13 formed at an SSM value of 273.5% and contained 52 OTUs, making it the largest phenon of the study. Hbrio damsela ATCC 33539=, a recognized fish pathogen (10, 17), was included in this cluster, which was provisionally identified as V. damsela. Recently, Smith et al. (25) recommended that V. damsela should be reassigned to the genus Photobacterium as Photobacterium damsela comb. nov. on the basis of their investigation of phenotypic data. Our data do not support this recommendation, since phenon 13 (group 2) joins the Photobacterium phenon (group 3) at an S,, value of 65% (Fig. 1) . Similarly, the 16s rRNA data of Kita-Tsukamoto et al. (14) do not support this recommendation. In addition, MacDonell and Colwell (18) previously used 5s rRNA sequence data to propose a new genus, Listonella, to which V. damsela and five additional species (Vibrio aestuarianus, V. anguillarum, Vibrio ordalii, Vibrio pelagius, and V. tubiashii) were assigned (18, 21, 22). Since Smith et al. (25) did not employ either molecular methods or numerical analysis, the scientific validity of their proposal must be investigated further.
3).
Phenon 14 contained two OTUs (OTUs 122 and 171), which constituted group 8 (Fig. 1) and possessed many of the attributes of the genus Vibrio. Unlike most Vibrio spp., however, but consistent with phenon 13 (V: damsela), this phenon included isolates that produce gas from glucose and joined phenon 13 at an S,, value of 266.2%.
Group 6 contained two phena (phena 15 and 16), which clustered at an SSM value of 268% and joined group 3 at an S,, value of 262% (Fig. 1) . Phenon 15 contained two OTUs, and phenon 16 contained three OTUs; four of the five OTUs in group 6 were isolated from shark muscle tissue. The strains in phena 15 and 16 neither fermented the sugars tested nor oxidized glucose, but all of these strains produced indole and were susceptible to 150 pg of vibriostatic agent 0/129 per ml. In general, phenon 15 resembled the genus Pasteurella (5) and was remarkably similar to previous descriptions of Pasteurella piscicida (12, 27) . By using TAXAN6 (University of Maryland), 65 characteristics determined for five strains of Pasteurella piscicida (including strain ATCC 17911) were compared with characteristics simultaneously determined for I/. anguillarum ATCC 19264T, V: ordalii ATCC 33509T, K parahaemolyticus ATCC 17802T, A. salmonicida ATCC 3365gT, Pasteurella multocida ATCC 29977, and Photobacterium phosphorum ATCC 11040T. It was concluded from the results that Pasteurella piscicida is phenotypically closer to the genus Vibrio (S,, 245%) than to Pasteurella multocida (SJ, 125%) (4a). The major differences between phenon 15 and Pasteurella piscicida were as follows: arginine decarboxylase activity; glucose, mannitol, and sucrose fermentation; indole production; growth in the absence of NaC1; growth at 35°C; and urease activity. Phenon 15 also possessed many of the characteristics reported for the genus Moraxella, with the exception of indole production, nitrate reduction, and urease; it also resembled the genus Neissena. Clearly, additional studies, including a comparison with appropriate reference strains, need to be completed before phenon 15 can be properly identified.
Group 3 formed at an S,, value of 268.5% and comprised 13 OTUs representing three phena (phena 17 through 19), none of which contained reference strains (Fig. 1) . Phena 17 and 18 contained nine and three isolates, respectively. The smallest phenon, phenon 19, contained only one isolate ( O W 485 from a nurse shark). Most of the other test results given by phenon 19 strains were consistent with the description of Photobacterium leiognathi (2); therefore, we concluded that this phenon should be identified as a Photobacterium sp. In addition, many of the results given by OTUs belonging to phena 17 and 18 were also consistent with the description of the genus Photobacterium (2, 30) , suggesting that all of group 3 belonged to the genus Photobacterium.
Group 5 comprised phena 20 through 23 and joined groups 3 and 6 at an S , , value of 260% (Fig. 1) Group 4 formed at an S,, value of 272% and contained two phena, phena 24 and 25 ( Fig. l) , which had properties consistent with those reported previously for the genus Alteromonas (4). Phena 24 and 25 Contained 13 and 2 shark isolates, respectively. Characteristics that distinguished the phena included growth at pH 4.5, degradation of xanthine, utilization of L-citrulline and cellobiose, and production of gelatinase (GPIs, 0.385, 0.385, 0.346, 0.308, and 0.308, respectively) .
Group 7 contained one phenon, phenon 26, which formed at an S,, value of 182% (Fig. 1 ) and contained two reference strains, Plesiomonas shigelloides ATCC 14029T and ATCC 14030. This group was most closely related to group 4 (SSMT 64%).
Group 9 (Fig. 1) contained one phenon, phenon 27, which formed at an SSM value of 279%. It contained two type strains, Vibrio mimicus ATCC 33653 and A. hydrophila ATCC 7966.
An S , , value of 172.6% was selected as the level at which phena were resolved on the basis of the cophenetic correlation coefficient (0.711) and the number of phena created. This value is low compared with the values used in other studies, in which higher similarity values, usually an S, value of 180%, have been selected for resolution of phena (13, 24, 28, 29, 31) . At an SSM value of 282% in this study, the six K cholerae strains clustered in a single phenon, as did V: fluvialis and A. hydrophila, three strains of V: carchariae, three strains of V. tubiashii, and two strains of Plesiomonas shigelloides. In addition, some of the type strains that clustered at an S,, value of 272.6% did not cluster at an SSM value of 282%. If an SSM value of 282% had been selected, 93 phena would have resulted from the 236 OTUs examined. Therefore, for expediency of analysis and for the purposes of this study (namely, to assess major groups of strains), the lower value ( S, , , 172.6%) was used. Ordination analysis. The results of the principal-component analysis are shown in Fig. 2 . Each OTU in Fig. 2 was coded according to the cluster analysis by using an SSM value of 266.5%. The first three components, components P1, P2, and P3, accounted for 74.2% of the relatedness among OTUs, with components P4 and P5 providing only slight increases in the portrayal of relatedness (4.8 and 3.0%, respectively). Accordingly, principal components P4 and P5 are not shown in Fig. 2 . MacDonell et al. (19) successfully applied ordination analysis to 5s rRNA sequence data and achieved good resolution of strains in clusters. In this study, a principal-component analysis in which phenotypic data were used was approximately as valuable as cluster analysis for differentiating phena. From the data in Fig. 2 , the following two observations were made: (i) group 1 occupied a compact, defined, and substantial portion of the three-dimensional array; and (ii) a continuum of OTUs across the hyperspace of the plot occurred. Relationships between and among the groups were such that no clear groupings resulted from the ordination analysis. Unlike the results of the rRNA sequence data analysis obtained by MacDonell et al. (19) , which permitted unequivocal identification of three clusters (vibrios, enterics, and Aeromonas spp.), there was less clear separation or clustering of OTUs in our study, which was based on phenotypic data. Since this analysis included strains that were freshly isolated from the natural environment and ,. recognized human pathogens (for example, V. cholerae in phenon 4 and K firnissii in phenon 6). In previous studies, human pathogens were isolated from sharks (8), and pooled sera from six nurse sharks were found to contain high (titer, ca. 1:1,024) antibody activity against whole cells of V.
cholerae ATCC 14035T (7). However, in this study, most of the human pathogens were reference strains and formed clusters separate from the shark isolates. Known fish pathogens (i.e., V. carchariae, V. darnsela, V. tubiashii, Pasteurella piscicida, and A. salmonicida) were also detected among the isolates. However, V. anguillanrm was not isolated from any of the shark samples collected in this study. In previous studies, shark tissue-associated bacteria were implicated in shark urea homeostasis functions (9, 15). In this study, 58% of the OTUs were found to be urease positive, suggesting that other interactions are also likely.
